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Tol2 transposontal cis-regulatory elements are discernible as highly conserved noncoding
elements (HCNEs) and are often dispersed over large areas around the pleiotropic genes whose expression
they control. On the loci of two developmental transcription factor genes, SOX3 and PAX6, we demonstrate
that HCNEs conserved between human and zebraﬁsh can be systematically and reliably tested for their
regulatory function in multiple stable transgenes in zebraﬁsh, and their genomic reach estimated with
conﬁdence using synteny conservation and HCNE density along these loci. HCNEs of both human and
zebraﬁsh function as speciﬁc developmental enhancers in zebraﬁsh. We show that human HCNEs result in
expression patterns in zebraﬁsh equivalent to those in mouse, establishing zebraﬁsh as a suitable model for
large-scale testing of human developmental enhancers. Orthologous human and zebraﬁsh enhancers
underwent functional evolution within their sequence and often directed related but non-identical
expression patterns. Despite an evolutionary distance of 450 million years, one pax6 HCNE drove expression
in identical areas when comparing zebraﬁsh vs. human HCNEs. HCNEs from the same area often drive
overlapping patterns, suggesting that multiple regulatory inputs are required to achieve robust and precise
complex expression patterns exhibited by developmental genes.
© 2008 Elsevier Inc. All rights reserved.IntroductionAbout 20% of the sequence of the human genome consists of gene
deserts, regions with few or no annotated genes (Venter et al., 2001). A
subclass of gene deserts but also more gene-rich blocks of human:
teleost conserved synteny are ﬂanking key developmental regulatory
genes (Ovcharenko et al., 2005) and highly conserved non-coding
elements (HCNEs) cluster within these genomic regions (Bejerano
et al., 2004; Sandelin et al., 2004; Woolfe et al., 2005). A substantial
number of HCNEs have recognizable conservation across all vertebrate
genomes (Sandelin et al., 2004; Woolfe et al., 2005), and many have
been found to have enhancer activity in mouse, zebraﬁsh, and frog (de
la Calle-Mustienes et al., 2005; Nobrega et al., 2003; Pennacchio et al.,
2006; Visel et al., 2008; Woolfe and Elgar, 2007).lement; GFP, green ﬂuorescent
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l rights reserved.Through enhancer detection in zebraﬁsh (Ellingsen et al., 2005;
Laplante et al., 2006) and computational analyses, we have described
long-range gene regulation as a general basis of ancient synteny
conservation in vertebrate and insect genomes (Becker and Lenhard,
2007; Engstrom et al., 2007; Gomez-Skarmeta et al., 2006; Kikuta et
al., 2007a,b). We termed the chromosomal segments postulated to be
due to the presence of long-range enhancers genomic regulatory blocks
(GRBs). A GRB consists of a pleiotropic target gene and its enhancers in
the form of HCNEs that occupy its introns and ﬂanking regions,
spanning a chromosomal region on the order of hundreds of kb to
megabases (Kikuta et al., 2007b; Nobrega et al., 2003). Besides the
target gene, GRBs also contain other neighboring (usually non-
pleiotropic) protein-coding genes with HCNEs in their introns and in
the intergenic sequence beyond these genes. In this work, we aim to
show that a study that starts form the concept of GRB, including pan-
vertebrate synteny and a region deﬁned by high density of highly
conserved non-coding elements leads to insights that are oftenmissed
in the study of long-range gene regulation. We chose GRBs targeting
the genes SOX3 and PAX6 and their orthologous loci in zebraﬁsh,
because i) they have well-established developmental expression
patterns, ii) many HCNEs deﬁning their GRBs are strongly conserved
across all vertebrates, and iii) they differ in the gene content of their
527P. Navratilova et al. / Developmental Biology 327 (2009) 526–540inferred GRB — while the SOX3 region is largely devoid of other
protein-coding genes, the PAX6 region has a number of bystander
genes containing inferred PAX6 regulatory elements in their introns.
We show that the GRBs of the two genes, deﬁned using conserved
synteny and HCNE density information alone represent equivalent
genomic features. To demonstrate this, we i) computationally estimate
the extent of GRBs targeting human SOX3 and PAX6 and their zebraﬁsh
orthologs, ii) systematically catalogue regulatory inputs and their
genomic extent around the two genes, and iii) tested whether an
HCNE interacts with different promoters. We ampliﬁed HCNEs from
distal locations near, in, or beyond bystander genes from the GRBs of
human and zebraﬁsh transcription factor genes SOX3/sox3 and PAX6/
pax6a/b and tested them in transgenic zebraﬁsh using the Tol2
transposon system (Fisher et al., 2006; Kawakami, 2004). We show
that a subset of human and zebraﬁsh HCNEs reproducibly drives
reporter expression in transgenic zebraﬁsh in a fashion that indicates
that these elements regulate their target transcription factor genes,
and that speciﬁc patterns are observed when either human or
zebraﬁsh HCNEs are used in these assays. Enhancers driving a single
target gene are dispersed over large areas around these genes, and in
the case of PAX6 regulatory elements they are found inside the introns
of at least two non-related neighboring genes. Despite the distant
evolutionary origin of HCNEs, in one case an element showed identical
target-gene speciﬁc patterns for human vs. zebraﬁsh HCNEs, indicat-
ing that intense evolutionary pressure acts on these speciﬁc elements.
To fully understand GRB organization, we attempted to resolve
enhancer–promoter speciﬁcity for the SOX3-ATP11C genomic region.
We show that one speciﬁc enhancer always drives an identical SOX3-
like pattern regardless whether the promoter used is the native SOX3
promoter or the promoter of the neighboring ATP11C gene. We could
not ﬁnd any functional insulator sequences in the region between the
SOX3 enhancer and neighboring ATP11C bystander gene.
Our ﬁndings suggest that the concept of GRBs is both valid and can
be efﬁciently investigated in the zebraﬁsh system. The system is
particularly suited for studying the open questions of enhancer inter-
actions, enhancer:promoter responsiveness, and the effect of evolu-
tionary HCNE differences on expression patterns. The understanding
of human gene regulation will require systematic computational and
transgenesis-based identiﬁcation of regulatory inputs across large
chromosomal segments and eventually the entire human genome.
The testing of gene regulatory sequences in zebraﬁsh should also
permit to correctly link non-coding mutations to the altered
expression of speciﬁc protein-coding genes in human disease.
Materials and methods
Detection and extraction of HCNE sequences
Human-zebraﬁsh non-exonic (i.e. non-coding and non-UTR) evolu-
tionarily conserved sequences were identiﬁed using the UCSC Genome
Browser (Karolchik et al., 2003) using Vertebrate Multiz Alignment &
PhastCons Conservation track and Zebraﬁsh (Mar. 2006/danRer4)
Chained Alignments track in Human Mar. 2006 Assembly (hg18) from
where the human sequences were extracted. The zebraﬁsh sequences
were exported from the UCSC Genome Browser Zebraﬁsh Mar. 2006
Assembly (zv6). Alignment plots of whole genomic regions were
created using Ensembl for sequence and data extraction (human: NCBI
36, zebraﬁsh: zv6 and for pax6b data zv7) and mVISTA (Dubchak and
Ryaboy, 2006) under a sequence conservation threshold of at least 70%
over 100 bp. The sequence coordinates together with the UCSC link are
available online at http://zenbase.genereg.net/spp.
Primer design and cloning of HCNEs
PCR primers to amplify candidate human and zebraﬁsh gene
enhancers selected by evolutionary conservation analysis asdescribed above were designed using NetPrimer (http://www.
premierbiosoft.com/netprimer/). Primer sequences are a part of the
online Supplementary data at http://zenbase.genereg.net/spp.
In order to increase the throughput for reporter construct
generation, we exploited the Gateway Recombination System
(Invitrogen). PCRs were performed on human or zebraﬁsh genomic
DNAusingAdvantage2proof reading PCR system(Clontech), sequenced
and successful products cloned into the standard Gateway entry vector
(pCR8GW/TOPO vector, Invitrogen) using the manufacturer's
recommended protocol. Using the LR recombination, the insert is
inserted into the destination enhancer test vector (see below).
Structure of the Tol2-based Gateway™ destination enhancer test vector
The basic enhancer test vector contains the Gateway® C1 cassette,
the zebraﬁsh gata2 promoter (Meng et al., 1997) coupled to the GFP
gene and the polyA signal, ﬂanked by Tol2 transposition sequences
(Supplementary Fig. 1). The atp11c/ATP11C and other promoter
sequences were ampliﬁed from zebraﬁsh or human genomic DNA
using BamHI-linker containing primers. The gata2 promoter was
replaced in the gata2-GFP Tol2 based vector and the SOX3_hs8A
enhancer was cloned upstream of the promoter for testing the
interaction of the speciﬁc promoter–enhancer combination. A
putative CTCF site was inserted instead of the enhancer into the
Gateway construct and SOX3_hs8A was cloned upstream subse-
quently. Genomic coordinates of the promoters and CTCF site are
listed in Supplementary Table 1.
DNA and mRNA preparation
Transposase mRNA was synthesized as described (Kotani et al.,
2006) except the mRNA puriﬁcation step, which was performed using
a MegaClear kit (Ambion). Capped mRNA was eluted with nuclease-
free water. Enhancer test constructs were mixed with transposase
mRNA to a ﬁnal concentration of 25 ng/μl each.
Microinjections and zebraﬁsh handling
For all experiments ourwild-type zebraﬁsh stockswere used. Details
about ﬁsh strains, handling the embryos, maintenance and raising ﬁsh
are available at http://www.sars.no/facilities/ﬁshRaisingprotocol.doc.
The DNA/mRNA mixture was injected into one-cell stage embryos
using glass capillaries made with a Sutter Instruments needle puller.
Injected ﬁsh were observed at 1 dpf and 2 dpf for GFP expression and
then raised to sexual maturity. Detailed description of all procedures
can be found in (Fisher et al., 2006). Injected adult ﬁsh were
outcrossed with wild type individuals and at least 50 F1 embryos
were screened with a ﬂuorescent microscope (TE2000-S inverted
microscope; Nikon) equipped with 10× and 20× lenses, and a 500/
20 nm excitation ﬁlter and a 515 nm BP emission ﬁlter (Chroma) for
GFP. Photographs of live positive embryos were taken using a Spot
monochrome digital camera and associated software (Diagnostic
Systems). HCNEs were tested in at least 2 independent transgenic
lines. Images were processed in Adobe Photoshop by adjusting levels.
High-resolution images of the lines in this paper are available at
http://zenbase.genereg.net/spp.
Immunohistochemistry, confocal microscopy and 3D imaging
Immunohistochemistry was performed using standard methods
with polyclonal rabbit anti-GFP antibody (AMSbiotech (Europe),
TP401; used at 1:1000) and alexa-ﬂuor 488 secondary combined
with TOPRO-3-iodide (Invitrogen) to label nuclei. Specimens were
mounted and imaged using a Leica confocal microscope. Image stacks
were processed using Volocity software (Improvision) to produce
three-dimensional reconstructions.
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The RNA in situ probes for zebraﬁsh bystander genes were
ampliﬁed from 24 h stage cDNA with the following primers:
immp1lF:GTGGTTTCTTTGTGAAGACGATCAGC,
immp1lR:AGGACTCTCAGCCAATACACCAAAACTC,
rcn1F:TGGAGGTTTCGACCTATTTGTGGC,
rcn1R:TTCCTGGTAAGGTCTTCACCGTAGTTGG,
atp11c_E17f:GAAGAGGCTGCAGAGACCATG,
atp11c_E17r:CTGGTGACGACTCCTGTTTTGAC.The pax6a probewas ampliﬁed using primers available on the ZFIN
web page.
The sox3 and pax6b probes were obtained from Drs Laure Bally-
Cuif and Terje Johansen, respectively. In situ hybridizations were
carried out as described in Oxtoby and Jowett (1993) with minor
modiﬁcations. Embedding of stained embryos and vibratome sections
were prepared as in Hadrys et al. (2006). Whole mounts were
photographed using a Spot digital camera attached to a Leica MZ FLIIII
stereomicroscope, while sections were photographed with a Spot 7.4
Slider camera on a Nikon Eclipse E800 microscope equipped with DIC
optics.Fig. 1. The overview of genomic locus of SOX3. (A) Ancora view of a 2 Mb window across the
track) and conserved synteny in the zebraﬁsh genome. (B) 1 MbwindowmVISTA plot of hum
and Fugu rubripes (fr, lower track). HCNEs conserved in all four species were tested in zebraﬁ
in the sox3 gene desert in zebraﬁsh and the RNA in situ hybridization pattern of sox3 in a 2-d
expression domains see also Supplementary online database).Results
SOX3 resides in a gene desert with high HCNE density
The SOX3 gene is a key transcriptional activator in vertebrate
neural and craniofacial development (Bylund et al., 2003; Dee et al.,
2008). Human SOX3 is located in a gene desert extending about 1 Mb
at Xq27.1. Mutations in the coding region, and non-coding deletions
67 kb downstream of the gene, are the cause of X-linked mental
retardation (Laumonnier et al., 2002) or hypoparathyroidism and
hypopituitarism (Bowl et al., 2005), respectively. Our Ancora genome
browser (Engstrom et al., 2008) was used to visualize HCNE density
and conserved synteny with the zebraﬁsh genome (Fig. 1A). The
human SOX3 region, when compared with the corresponding
mouse×chromosomal segment, stands out as a region of high HCNE
density (Fig. 1A). There is a single contiguous human: zebraﬁsh
conserved synteny block mapping to zebraﬁsh chromosome 14: the
block includes sox3 and the far downstream neighboring genes atp11c
and mcf2. In all vertebrate genomes the SOX3 region contains
numerous HCNEs. In the chicken and frog genomes, the distal part
containing Atp11c and Mcf2 has broken off and is detected elsewhere
in respective genomes (data not shown), and the minimal conserved
synteny extends just across the segment with high HCNE density. We
do not know whether this is a result of a true evolutionary event or
whether the area might be misassembled in these genomes. There arehuman locus (upper track), density of HCNEs compared with the mouse genome (lower
an SOX3 compared with zebraﬁsh (dr, upper track), Xenopus tropicalis, (xt, middle track)
sh and are boxed in red. The insets above tracks show two enhancer detection insertions
ay zebraﬁsh embryo. Expression is mainly conﬁned to the nervous system (for detailed
529P. Navratilova et al. / Developmental Biology 327 (2009) 526–540a fewannotated genes in this area, but since these are not conserved in
other vertebrates nor contain known protein domains, it is likely that
they are not protein-coding (Clamp et al., 2007).
Zebraﬁsh sox3 and atp11c are expressed in distinct patterns
The zebraﬁsh sox3 gene is initially expressed in the neural plate
and ventral mesoderm, and later in the presumptive forebrain,
hindbrain, and spinal cord; there is also low-level expression at the
forebrain–midbrain and midbrain–hindbrain boundaries (Fig. 1B; for
detailed expression analysis on sections, see Supplementary Fig. 2). At
2 days post fertilization (2 dpf), sox3 is expressed in the central
nervous system, where high levels of the transcript are detected
mainly in the ventricular zones of the forebrain and hindbrain, as well
as in the spinal cord and the lateral line neuromasts. Zebraﬁsh sox3 is
also expressed in the retina, gut, olfactory pits, pharyngeal arches and
in epibranchial placodes (Supplementary Fig. 2). Two enhancer
detection insertions in the area, one near sox3 and the other 96 kb
downstream (Fig. 1B), have almost identical expression patterns,
although the more distal insertion lacks the high level of expression in
the midbrain seen in the insertion near the target gene. An unrelated
gene, ATP11C, is found 672 kb downstream from SOX3 in the human
genome. In contrast to sox3, the expression of atp11c in zebraﬁsh is
ubiquitous at low level, although somewhat higher expression can be
seen in the lateral line neuromasts (Supplementary Figs. 3M–Q). Thus,
while there is some overlap between the two expression patterns,
they differ signiﬁcantly in terms of restriction and signal strength.
Enhancer activity of SOX3 and sox3 HCNEs
We located eight HCNEs conserved from human to zebraﬁsh
genomes across the SOX3 region at the thresholds we used (red boxes
in Fig. 1B), of which one, HCNE 8, corresponds to ultraconserved
element 482 (Bejerano et al., 2004).We tested all eight elements (both
human and corresponding zebraﬁsh sequences) in our transgenic
assay and found six of them to drive reproducible expression patterns
and thus likely to be functional enhancers of SOX3/sox3. HCNE 1 (both
human and zebraﬁsh sequences) when tested in several transgenic
lines resulted in no observable GFP expression and we therefore
assume this to be a negative regulatory element. The function of HCNE
3 remained unresolved as a number of different expression patterns
were isolated, but none reproducibly. The patterns of reproducibly
positive enhancers (in at least two, but usually three or more
independent transgenic lines) were generally related for ﬁsh and
human orthologous elements tested in transgenic zebraﬁsh, but often
with different relative expression strengths and/or extent of
expression domains: for example the human sequence of HCNE 2
(SOX3_hs2), drove a broader domain in the hindbrain than its
zebraﬁsh counterpart (sox3_dr2) (Figs. 2A, B). Likewise, HCNE 4,
denoted as SOX3_hs4, drove much wider expression in the hindbrain
than the corresponding zebraﬁsh sequence, sox3_dr4, which labeled
speciﬁc stripes within the rhombomeres (Figs. 2C, D). HCNE 5, tested
also by Pennacchio et al. (2006) in the mouse (as element 667)
resulted in a highly similar pattern using the human sequence
(SOX3_hs5) to that in the mouse, but sox3_dr5, in contrast, also
directed expression to the cerebellum in transgenic zebraﬁsh (Figs. 2E,
F). HCNE 6 showed speciﬁc activity in roof plate and ﬂoor plate in both
orthologous sequences (Figs. 2G, H), but there were also expression
differences in signal strength in zebraﬁsh vs., human elements (see
Figs. 2A, B, G, H, O, P). Notably, many of the tested HCNEs drove
expression in the hindbrain, in the spinal cord, in the tegmentum, the
hypothalamus and in the telencephalon. An ultraconserved element
overlapping with SOX3_hs8 was recently deleted from the mouse
genome, with no observable phenotype (Ahituv et al., 2007). Although
we do not know the reasons for this surprising ﬁnding, it may be
possible that the overlapping expression patterns of other HCNEs inthe area shown here are able to compensate for the loss of expression
resulting from the deletion of this regulatory element. Nevertheless,
the highly similar expression patterns driven by the two orthologous
sequences suggest, in addition to the ultraconservation observed
between human and rodent genomes, that this element is under
considerable evolutionary constraint across vertebrates (Figs. 2L, M).
Furthermore, SOX3_hs8 is divided into two parts, which show split
conservation peaks in the human-ﬁsh comparison — SOX3_hs8A and
8B (Fig. 7A). Although not overlapping with the core UCR (Bejerano et
al., 2004), part 8A directed highly speciﬁc SOX3 expression patterns
(Fig. 2P) whereas part B showed no activity (data not shown). This
HCNE is closer to the neighboring atp11c/ATP11C than it is to SOX3
(255 kb vs. 416 kb in the human genome). Since atp11c is, like sox3,
expressed in the lateral line we asked whether the promoters of
atp11c/ATP11C would be able to interact with human element
SOX3_hs8A. In Drosophila, the differential responsiveness of target-
and bystander genes within GRBs is likely regulated through
enhancer/promoter speciﬁcity mediated through different promoter
subtypes (Engstrom et al., 2007; Hendrix et al., 2008). Both human
and zebraﬁsh promoters were used and tested with the human
element. As shown in Fig. 2 (R, S), both ATP11C/atp11c promoters did
interact with SOX3_hs8A and gave transcriptional activity in the
correct patterns, but both with strikingly lower activity thanwhen the
gata2 promoter was used. In the human locus there is a CTCF binding
sitemapped between SOX3_hs8 and ATP11C (Kim et al., 2007), but this
site is not conserved in zebraﬁsh. Placing the human sequence
between SOX3_hs8A and the basal promoter:GFP did not result in any
difference in reporter expression strength or pattern (Supplementary
Fig. 4H). Thus, at least in this case, the promoter of a neighboring gene
can interact with a speciﬁc enhancer of the target gene, albeit at low
level. However, this was observed by placing the HCNE directly in front
of the ATP11C promoter, and the effect at native distances may be
considerably attenuated.We conﬁrmed independence of the enhancer
SOX3_hs8A of minimal promoter sequence by combining it with
various types of human and zebraﬁsh minimal promoters including
the endogenous SOX3 promoter. The SOX3_hs8A enhancer was tested
with six further promoters to test GFP expression. The promoters
chosen were from the human β-globin gene, of the zebraﬁsh hsp70
gene and from the zebraﬁsh ngn1 gene. In the injected embryos, all of
the combinations resulted in reproducible expression patterns
virtually identical to the combination with the gata2 promoter
(Supplementary Figs. 4A–G). The enhancer was proven not to activate
GFP by itself (not shown). In summary, the SOX3/sox3 orthologs are
embedded in a large area of synteny conserved from human to ﬁsh
genomes, and conserved cis-regulatory elements driving the gene(s)
are dispersed over more than 600 kb in the human genome. Gene
deserts such as the one described here are large regions with few
genes, and multiple regulatory elements, with SOX3/sox3 the only
candidate regulatory gene around in this case. Extended regulatory
domains exist around other transcription factor genes, but often these
regions contain additional protein coding genes (Kikuta et al., 2007a,
b). To be able to compare our results to those obtained previously in
mouse and zebraﬁsh, we chose as an example the human PAX6 and
zebraﬁsh pax6a/b regulatory regions.
Human PAX6 resides in a large block with conserved vertebrate
gene order
The human PAX6 gene maps to chromosome band 11p13, close to
the border to p14.1; the region contains numerous genes including the
Wilms tumor oncogene WT1 Fig. 3A). The entire area has been
conserved from human to fugu genomes (Miles et al., 1998). Unlike in
fugu, in the zebraﬁsh genome the pax6 gene has been retained in two
copies after teleost whole genome duplication (Kikuta et al., 2007b;
Nornes et al., 1998), which may indicate that the zebraﬁsh and fugu
lineages diverged soon after the whole genome duplication in an
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Fig. 3. The genomic locus of PAX6. (A) Ancora view of a 5 Mb window across the human locus (upper track), density of HCNEs compared with the mouse genome (lower track) and
conserved synteny in the zebraﬁsh genome. (B) 1 Mb mVISTA plot of human PAX6 compared with zebraﬁsh Xenopus tropicalis, (xt, middle track) and Fugu rubripes (fr, lower track).
HCNEs conserved in all four species were tested in zebraﬁsh and are boxed in red. Insets above tracks show two enhancer detection insertions in the pax6a and pax6b genomic
regulatory block in zebraﬁsh and the RNA in situ hybridization pattern of these genes in a 2 day zebraﬁsh embryo. Expression is mainly conﬁned to the nervous system (for detailed
expression see also Supplementary data).
531P. Navratilova et al. / Developmental Biology 327 (2009) 526–540ancestral teleost, when the genome was still largely tetraploid. Fig. 3A
shows a 5 Mb window across the human PAX6 region, with mouse
HCNE densities annotated on the lower track and zebraﬁsh synteny
blocks in the middle track. There are two homologous chromosomal
segments in zebraﬁsh, one containing pax6b on chromosome 7, and
one containing pax6a on chromosome 25. Of note, we use synteny
information to show that the two synteny blocks overlap in a core
region encompassing PAX6 and the downstream genes ELP4, IMMP1LFig. 2. Lateral views of HCNE-test transgenic zebraﬁsh larvae expressing GFP at 2 days post
shows transgenes madewith the orthologous human sequence. (A–M) Elements depicted in
hindbrain (A–P) and spinal cord (A–M). (O, P) Partial sequence of element dr8 and hs8; (R
instead of the zebraﬁsh gata2 promoter. Note similarity of pattern, but much weaker acti
rhombomeres; Dc: diencephalon; tc: telencephalon; ie: inner ear; sc: spinal cord; C: cerebeand DPH4 in the human genome, while the distal breakpoints of these
two blocks led to the retention of mpped2 region in only one copy (at
the pax6b locus), and wt1 region in only one copy (adjacent to pax6a).
Thus, there is a duplicated core region containing the pax6 target gene
(s), and two ﬂanking regions that have been kept in only one copy in
the zebraﬁsh, one with each copy of pax6. The entire human region
covered by HCNEs, shown as peaks in the lower track, appears to
contain the same set of conserved regulatory inputs for PAX6 as thefertilization. Left column shows transgenic made with zebraﬁsh HCNEs, right column
Fig. 1, direct expression of GFP to telencephalon (C, D, L–P), diencephalon (A, B, E, F, L–P),
, S) Transgenes using hs8A element but the zebraﬁsh/human atp11c/ATP11C promoters
vation. Abbreviations: h: hindbrain; Tg: tegmentum; E: epiphysis; FP: ﬂoor plate; R:
llum.
532 P. Navratilova et al. / Developmental Biology 327 (2009) 526–540two zebraﬁsh pax6 genes together, where some of the enhancers were
kept in duplicates (HCNE #8), but several have been lost from one
copy (#1, 2, 3, 6, 7) (Fig. 3B).
Large-scale heterozygous deletions in this region in the human
genome give rise to WAGR syndrome (Wilms tumor, aniridia,
genitourinary abnormalities and mental retardation) (Francke et al.,
1979), while heterozygous missense mutations in PAX6 cause aniridia
in humans and the small eye phenotype inmouse, respectively (Glaser
et al., 1992; Hill et al., 1992; Jordan et al., 1992). Correct expression of
PAX6 is dependent on regulatory elements inside the last intron of the
neighboring gene ELP4: breakpoints within ELP4, which leave the
coding sequence of PAX6 intact, have also been shown to cause
aniridia, (Fantes et al., 1995; Kleinjan and van Heyningen, 2005;
Lauderdale et al., 2000). It was shown that the phenotype is not
caused by loss of ELP4 function, but rather by loss of PAX6 expression,
thus suggesting that essential regulatory elements driving PAX6 reside
inside ELP4 (Kleinjan et al., 2001) (see Fig. 3B). In tetrapod genomes,
the PAX6 chromosomal domain encompasses the genes IMMP1L and
DPH4 further downstream and the RCN1 gene upstream. Both
paralogous pax6 gene regions in the zebraﬁsh genome contain
HCNEs, many of which are inside introns of the neighboring bystander
genes elp4, immp1l and dph4, as well as several elements near and
beyond the upstream neighboring gene rcn1. As noted by (Kikuta
et al., 2007b), these unrelated genes within the pax6a/b neighborhood
are present in single copy in the zebraﬁsh genome at only one of the
two paralogous loci/synteny blocks, while both pax6 and wt1 haveFig. 4. Lateral views of HCNE-test transgenic zebraﬁsh embryos at 2 days post fertilization. Tra
and HCNE number. (A, B) Show transgenes made with zebraﬁsh HCNE 1 expressing GFP in o
root ganglia and hindbrain, which indicate its functional connection toWT1 expressed in the
and human elements. Embryos in (E) madewith human sequence PAX6_hs6 express in optic
diencephalon (PAX6_hs7). Sub-sequence pax6a_dr6A (as seen in Fig. 6B) drives expression
expression to optic tectum, hindbrain, spinal chord, lateral line and lens.been retained as duplicates (a and b). However, only wt1a remained
adjacent to the pax6a locus, while wt1b is located on chromosome 18
in a small block of conserved synteny. Human (and ancestral) elp4 and
immp1l contain HCNEs in their introns (Fig. 3); however, after whole-
genome duplication and rediploidization some of themwere not kept
in introns of the remaining copies of elp4 and immp1l next to pax6b,
but are rather found in an equivalent location in cis to pax6a, which
has become a gene desert. This suggests that the HCNEs inside elp4
and immp1l are not essential for regulation of these genes, but must be
involved in regulation of pax6a, a conclusion further corroborated by
the ﬁnding that enhancer detection insertions in zebraﬁsh in this
region assume a pax6 expression pattern (Fig. 3B); (Kikuta et al.,
2007b). Of the two genes further beyond IMMP1L in the human
genome, DPH4 and DCDC1, the former is found to contain non-coding
elements in a human-chicken alignment (data not shown), whereas
the latter is present only in mammals: the fact that the HCNEs in
DCDC1 introns are conserved between human and chicken indicates
that the gene has been lost from other vertebrate genomes, rather
than acquired in the mammalian lineage. Our synteny and HCNE
density approach shows that the corresponding GRB extends to
additional HCNEs conserved between human and zebraﬁsh beyond
the location of DCDC1 in the human genome, extending the PAX6/WT1
conserved region to more than 3 Mb. While the ELP4 has been shown
to harbor PAX6 enhancers previously (Kleinjan et al., 2006, 2008;
Woolfe et al., 2005), we show that PAX6 enhancers are distributed
over a larger than expected region and reside in several neighboringnsgenes are labeled by locus name (pax6a/b/PAX6), organism (zebraﬁsh=dr/human=hs)
ptic tectum, pectoral ﬁns and hindbrain vs. human element driving expression in dorsal
se domains. HCNE 2 in (C, D) directs expression mainly to hindbrainwith both zebraﬁsh
tectum, tegmentum, hindbrain, spinal chord and retina, embryo (F) expressing in dorsal
only in optic tectum and retina but the human homologous PAX_hs6A element directs
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exceptional occurrence.
Zebraﬁsh pax6a/b and bystander genes have distinct expression patterns
We asked whether the bystander genes of pax6 could themselves
be regulated by the HCNEs they contain. We compared the
expression patterns of the two pax6 genes (Fig. 3B, Supplementary
Fig. 2) and the bystander genes immp1l and rcn1 (Supplementary
Fig. 3), as well as the previously investigated elp4 (Kikuta et al.,
2007b). None of these bystander genes showed a pattern resem-
bling either of the two pax6 paralogs. Moreover, compared to pax6a/
b these bystander genes were expressed at relatively low level, as
estimated through the much longer time required to develop theFig. 5. Expression driven by PAX6 HCNE8, human and both zebraﬁsh orthologous sequences
lateral views of 3 days old embryos, right column dorsal views of heads of the same larvae.
pax6b. (D) VISTA conservation plot of the alignment of zebraﬁsh pax6a_dr8 and pax6b_dr8 w
Common peak indicates core HCNE.RNA in situ hybridization signals. The expression of the immp1l and
elp4 genes is widespread at the assayed stages, while rcn1 is also
expressed in cartilage. In contrast, both pax6a and pax6b expression
is highly restricted mainly to the CNS; both of the genes are
expressed in the retina, midbrain, hindbrain, epiphysis and
diencephalon. Notable differences in expression between the two
paralogous genes, seen in both enhancer detection insertions in
either locus and by RNA in situ hybridization (Fig. 3B; Supplemen-
tary Fig. 2) are that pax6a is expressed at higher levels in the optic
tectum and telencephalon, and only at low levels in the anterior
spinal cord, whereas pax6b is expressed more strongly in the entire
spinal cord, and also in the pancreas. The observed differences are
presumably the result of subfunctionalization after selective loss or
mutation of cis-regulatory elements in either locus (Canestro et al.,. (A–C′) All sequences drive expression to pineal and diencephalon. Left column shows
The signals differ in relative intensity in these structures between human PAX6/pax6a/
ith PAX6_hs8 (baseline) indicating asymmetrical divergence of the zebraﬁsh duplicates.
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Woolfe and Elgar, 2007). Furthermore, additional HCNEs driving
speciﬁc aspects missing in either paralog may hide in the regions
outside of the core region of overlapping synteny blocks. In conclusion,
there is a marked difference in the pattern and strength of expression
between pax6a/b and the neighboring bystander genes, and even
though one might argue that the expression patterns of target genes
and bystander genes overlap due to the widespread expression of the
latter, a more likely explanation is that the bystanders are expressed
constitutively at low levels throughout development and are therefore
not regulated speciﬁcally by HCNEs in the region.
HCNEs in the PAX6/pax6a/b GRBs drive pax6-like patterns
We tested HCNEs from the broader PAX6/pax6a/b region for their
ability to direct GFP expression in transgenic assays. The testedFig. 6. Confocal study of PAX6 HCNE8. (A–F′) 3D reconstructions of dorsally-imaged conf
immunohistochemistry for GFP (green) combined with TOPRO nuclear staining (grey). Vie
expression in embryos bearing GFP transgenes driven by zebraﬁsh pax6a (A, A′, B, B′) and pa
embryo drawn from dorsal (G) and lateral (with eye removed; G′) viewpoints as col
tectum=purple, dorsal tegmentum=yellow. 3D reconstructions were used to plot the location
coloured circles. Where GFP-positive cells fell within the zones of either zebraﬁsh HCNE 8-dr
outside these areas they were left white. The lateral schematic (G′) represents summated
represents the depth of the 3D reconstructions employed (op=olfactory pits).elements are conserved from human to zebraﬁsh and are indicated by
red boxes in Fig. 3B. HCNEs 6 and 7 are found within the bystander
gene ELP4. HCNE 8, which is in an intron of IMMP1L in the human
genome, has been kept in duplicate in the zebraﬁsh, even though
immp1l itself has disappeared downstream from pax6a. HCNEs 1, 2
and 3 are located upstream of PAX6, and out of which elements 1 and 2
are located beyond RCN1 (Fig. 3).
The pattern driven by HCNE 6 was shown by Kleinjan et al.
(2001) in the mouse (PAX6_hs6 overlapping element EI/Z), while
PAX6_hs7 (Fig. 4F) corresponds to element RB tested in mouse by
(Kleinjan et al., 2006). PAX6_hs6, PAX6_hs7, PAX6_hs2 and PAX6_hs8
(Figs. 4E, F, D and Fig. 5) correspond to elements tested by (Pennacchio
et al., 2006) — these are elements 234, 565, 113 and 863 respectively.
Transgenes in zebraﬁsh using these HCNEs resulted in GFP patterns
in the mouse equivalent to the patterns in the above publications.
The human HCNEs PAX6_hs6A, PAX6_hs1 and PAX6_hs3 and theirocal stacks of 3 dpf embryos, transgenic genotype indicated top right, stained using
wed from dorsal (A, B, C, D, E, F) and lateral (A′, B′, C′, D′, E′, F′) aspects. Areas of GFP
x6b (C, C′, D, D′) HCNE 8 were mapped onto schematic diagrams of the brain of a 3 dpf
oured areas: pineal=green, habenulae=blue, pretectal area=red, dorsal (roofplate)
s of GFP-positive cells for multiple PAX6_hs8 embryos (n=6) (examples E, E′, F, F′) using
iven transgene expression the circle was coloured the equivalent colour. Where they fell
expression from both left and right sides of the brain, the black line across the image
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PAX6_hs6A is a sub-sequence of PAX6_hs6 (Fig. 7B), and its ortho-
logous element from zebraﬁsh drove expression in distinct patterns
(lens expression in human vs. retina, telencephalon and optic tectum
in zebraﬁsh pax6_dr6A) that were consistent with pax6 regulation
(Figs. 4G, H).
A duplicated zebraﬁsh enhancer and a human enhancer driving the same
pattern in zebraﬁsh
The human and both paralogous zebraﬁsh sequences of HCNE 8
drove expression of GFP in the diencephalon and pineal complex in
which pax6 is expressed, and showed signs of both conserved function
and subfunctionalization (compare expression by the human element,
PAX6_hs8, to the element pax6a_dr8, and to the duplicate pax6b_dr8);
(Fig. 5).
To compare expression areas in more detail between embryos
expressing GFP driven by zebraﬁsh and human pax6 HCNEs we
examined 3D reconstructions of the brains of confocally-imaged
specimens immunostained for GFP and counterstained with a nuclear
dye (TOPRO) (Fig. 6) to determine precisely the exact areas of GFP
expression. The zebraﬁsh pax6a HCNE 8-driven GFP transgene
(pax6a_dr8; Figs. 6A–B′) gave strong expression in the left and right
habenulae, some pretectal areas and the extreme dorsal tectum
(roofplate); there was also a lower level of expression in the dorsal
tegmentum of the midbrain. GFP expression in pax6b HCNE 8-driven
transgenics (pax6b_dr8; Figs. 6C–D′) was strong in the pineal and the
pretectum, there was also weak expression in the medial habenulae
and in some cells of the dorsal tegmentum (in some transgene
integrations; e.g. Figs. 6C, C′). These distinct expression patterns
demonstrate some subfunctionalization between the two zebraﬁsh
pax6 HCNE8 elements although there is some overlap, notably in
the pretectum and in the dorsal tegmentum.
GFP expression in the human HCNE8 transgenics (PAX6_hs8; Figs.
6E–F′) was more variable between individuals than the zebraﬁsh
HCNE8-lines with GFP-positive cells being more widely spread apart;
however, individual GFP-positive cells seemed to be present within
the areas of GFP expression found in the zebraﬁsh pax6a and pax6b
HCNE8-driven lines. To determine if this general impressionwas valid
we plotted the position of GFP-positive cells in several PAX6_hs8
embryos onto schematic diagrams where the areas of GFP expression
in the zebraﬁsh HCNE8 lines had been demarcated (Figs. 6G and G′).
This generated a summated GFP expression pattern for the human
HCNE8-driven line. Summation of the expression in this way showed
robustly that the majority of GFP-positive cells in the PAX6_hs8 line
fell within the areas of GFP expression in the pax6a_dr8 and
pax6b_dr8 lines. This being so, not all the areas were densely
populated by GFP-expressing cells: the dorsal tegmentum and
pretectum had many GFP-positive cells in the PAX6_hs8 line but the
pineal and dorsal tectum bore only a few and the habenulae had even
fewer. Since the dorsal tegmentum and pretectum are areas that were
found to be common between the two zebraﬁsh pax6 lines this
suggests that the sequences driving subfunctionalization should be
distinct between the two zebraﬁsh HCNEs but there should be
sequence that is common between all three forms.
On the sequence level, there is a short core segment shared by all
three elements 8 (Figs. 5D, 7D— note the zebraﬁsh chained alignment
track). Thus, while differential loss of HCNEs, either through
mutational events or through differential extent of the two pax6
GRBs contributes to subfunctionalization, these results also demon-
strate subfunctionalization through sequence divergence, as hypothe-
sized byWoolfe and Elgar (2007). Notably, although this HCNE is kept
in duplicate in the zebraﬁsh genome, and thereforemight be expected
to be under lower evolutionary constraint than single copy elements,
GFP expression driven by PAX6_hs8 compared to the two zebraﬁsh
pax6a_dr8 and pax6b_dr8 showed areas of common expression.Despite high levels of conservation, transgenes testing HCNEs 3, 4
and 5 resulted in variable expressionpatterns, often unrelated to any of
the genes in the region and thereforewere deemed inconclusive. HCNE
4, overlapping with ultraconserved element uc198, has been tested in
mousewith the sameunspeciﬁc result byVisel et al. (2007). However, a
larger mouse sequence, including a neighboring conserved element,
was tested by Kleinjan et al. (2008), who also demonstrated loss of one
zebraﬁsh copy of the enhancer after teleostwhole genomeduplication.
Unlike the selectively lost HCNE, tested in their publication, sequences
orthologous to HCNE 4 were kept in both pax6a and pax6b loci, but
showed no speciﬁc activity in our assay. HCNEs 3 and 5 correspond to
element PAX6_1 and PAX6_19 tested in transient assays by Woolfe et
al. (2005). We generated 4 and 2 independent transgenic lines with
human element 3 and zebraﬁsh element 3, respectively, and 4
transgenic lines each with human element 5 as well as with both
zebraﬁsh duplicates of this element and found neither consistent
patterns nor in fact any overlap with the patterns for PAX6_1 and
PAX6_19 in Woolfe et al. (2005). Since these authors used the
orthologous elements from the Fugu genome, it is possible that these
elements direct different patterns, but regardless of this possibility it is
clear that transient testing is unable to distinguish between elements
that result in reproducible patterns in multiple transgenes and those
that do not and yield ectopic expression patterns.
WT1 is controlled separately from PAX6
Human element PAX6_hs2 corresponds to a mammalian con-
served CTCF binding site, mapped by ChIP-chip in human ﬁbroblasts
by Kim et al. (2007). Surprisingly, although thought to be
functioning as an insulator, this element had enhancer activity
consistent with regulation of pax6, directing reporter expression to
the hindbrain (Figs. 4C, D). This element also overlaps with
ultraconserved element uc329, recently deleted from the mouse
genome with no discernible resulting phenotype (Ahituv et al.,
2007) (Fig. 7C). PAX6_hs1, on the other side of the boundary
element towards the WT1 oncogene, drove expression in the dorsal
root ganglia (Fig. 4B), which is part of the Wt1 pattern in mouse
(Dame et al., 2006) — thus this element appears to regulate WT1,
not PAX6. However, there are also other mapped CTCF sites
distributed throughout the PAX6 GRB, but from our data there is
no clear indication that these function as boundary elements, since
HCNEs beyond them still harbor activity that is consistent with
being part of the pax6a/b expression pattern.
In conclusion, synteny and the distribution of noncoding conserva-
tionmark the presence of cis-regulatory elements of the PAX6 genomic
regulatory block located within bystander genes well beyond the
previously described ELP4. The association of these elements with
PAX6 is seen both through their evolutionary segregation patterns (i.e.
they are present despite the absence of the bystander gene) as well as
through their speciﬁc patterns of expression in transgenic assays. This
analysis shows that the region inhabited by long-range regulatory
elements is matched by conserved synteny at this locus and extends
the regulatory domain of PAX6 to IMMP1L, several hundred kb away
from the PAX6 coding region, and further. The entire region in the
human genome, which includes the PAX6 and WT1 GRBs, spans over
three megabases and demonstrates the utility of using human:
zebraﬁsh conserved synteny and HCNE densities across the human
PAX6 region for GRB delineation.
Discussion
Developmental regulatory transcription factors are usually
involved in multiple regulatory processes (Carroll, 2008) and for this
reason are surrounded by a large number of regulatory inputs, many
conserved across large evolutionary distances and evident through
comparative genomics.
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demonstrated several important principles regarding the organization
of GRBs and their regulation. These genes and, by extension, other genes
of this functional category are embedded in large chromosomal regions
containing highly conserved non-coding regulatory elements and
represent target genes of those elements. Some of these regions
additionally encompass neighboring bystander genes in conserved
synteny blocks in sequenced vertebrate genomes, in which they are
intertwined with HCNEs that regulate the target gene. The bystander
genes have sequences, expression patterns, and biological functions
unrelated to those of the corresponding target genes and are typically
non-pleiotropic. In contrast to regulatory landscapes, where locus
control regions maintain conserved synteny through co-regulation of
two or more genes by one or more enhancers (Spitz et al., 2003; Zuniga
et al., 2004) it is important to note that the GRBs contain regulatory
elements whose primary role is to regulate the target gene, while the
bystander genes are either not regulated by them, or any regulatory
effect by these elements is without consequence: after the whole
genome duplication in teleosts, the duplicate copies of the bystander
genes in the pax6a/b regions disappeared in the rediploidization process
in zebraﬁsh, leaving behind the HCNEs that formerly resided in their
introns (Kikuta et al., 2007b). Since these HCNEs are putative cis-
regulatory elements,we askedwhether in the case of pax6 and sox3 they
drive expression in patterns that are characteristic of the GRB target
gene. We found that there are elements that have reproducible
expression patterns that are consistent with being sub-patterns of the
target gene irrespective ofwhether the zebraﬁshor the human elements
are used in transgenic zebraﬁsh, and that these patterns are character-
istic for the tested element. In this context it is also noteworthy that the
different characteristics of enhancers (i.e. reproducible and target gene-
speciﬁc vs. variable and ectopic) might indicate that the latter are not
standalone inputs but modify or are modiﬁed by neighboring elements
to achieve a precise expression pattern in speciﬁc spatiotemporal
contexts. Away to address this in the futurewill be throughmotif search
and mutational and combinatorial assays to understand how these
sequences act to regulate their target gene (Rastegar et al., 2008).
Comparison of expression patterns of human elements tested in both
zebraﬁsh and mouse
A subset of the elements tested in our study has been previously
tested in other experimental systems. For the SOX3 locus, human
elements SOX3_hs5 and SOX3_hs8 were tested in mouse (Pennacchio
et al., 2006; Visel et al., 2007). Whereas SOX3_hs5 showed a broader
expression in the mouse CNS than the pattern we reproducibly
recovered in zebraﬁsh, the SOX3_hs8 – also corresponding to an UCR
(uc482) – showed essentially the same pattern (telencephalon,
rhombencephalon and spinal cord) in zebraﬁsh as in mouse. Of the
PAX6 elements tested in this paper, PAX6_hs2, PAX6_hs6, PAX6_hs7
and PAX6_hs8 were tested in the mouse (Kleinjan et al., 2001, 2006;
Pennacchio et al., 2006; Visel et al., 2007). Notably, PAX6_hs6
corresponds to EI/Z tested by Kleinjan et al. (2001) with essentially
the same expression pattern in mouse that we found in zebraﬁsh.
Element PAX6_hs7, which corresponds to element RB in Kleinjan et al.
(2006) also directed the same pattern as in the mouse. Finally,
PAX6_hs8, which we showed to be duplicated in zebraﬁsh and which
is located in IMMP1L, also had a corresponding pattern in mouse
(Pennacchio et al., 2006; Visel et al., 2007). Thus, human cis-
regulatory elements that gave consistent patterns in transgenic mice
resulted in essentially the same patterns in transgenic zebraﬁsh,
suggesting that zebraﬁsh is a suitable system to test the function ofFig. 7. Screenshots from UCSC browser on human hg18 assembly. Individual tested element
sequences (Bejerano et al., 2004) behind red bars. Visualized tracks show RefSeq gene ann
together with 7 individual species plots. Bottom bar indicates human–zebraﬁsh conservedhuman regulatory sequences in this category. Since gene regulatory
networks are bound to have evolved since the divergence of man,
mouse, and ﬁsh, we can only infer that the patterns driven by these
elements would be similar in human embryos, but the ﬁnding that
patterns are so similar when the human elements are tested in the
mouse indicates that the information gleaned from our experiments
can serve as a ﬁrst approximation for the activity of these elements.
SOX3 is embedded in a gene desert containing numerous HCNEs with
overlapping enhancer activities
SOX genes encode HMG domain-containing transcriptional
regulators, with 20 members of this gene family in the human
genome (Kiefer, 2007). SOX genes are often located in gene deserts,
e.g. (Gomez-Skarmeta et al., 2006). Uchikawa et al. (2003) isolated
and tested regulatory elements of Sox2 in chicken and found
regulatory elements over a 50 kb interval around the gene. Our
analysis of the SOX2 gene desert in the human genome suggests that
the genomic regulatory block of this gene extends over 1 Mb
(Supplementary Fig. 5). In this paper we have shown that out of eight
regulatory elements of SOX3 conserved between human and
zebraﬁsh and dispersed over more than 500 kb, six drive expression
in overlapping domains of the zebraﬁsh CNS — an observation in
agreement with the study of Werner et al. (2007) for regulatory
elements of Sox10 in the mouse. This seeming “redundancy” of
enhancer function, hypothesized to ensure robustness of gene
expression (Werner et al., 2007), appears to be a common feature
of Sox gene regulation; however, it can also serve to enable complex
regulatory interactions of enhancers (see Ertzer et al., 2007; Rastegar
et al., 2008; and below) that reﬁne spatiotemporal expression of the
target genes beyond the level achievable by single elements.
Human enhancer SOX3hs8A is able to activate different core promoters
Considering the unrelated expression patterns and functions of the
SOX3_hs8A target gene and its bystander ATP11C, as well as the relative
proximity of this element to the bystander vs. target gene, we expected
a mechanism preventing inappropriate activation of the ATP11C.
However, this enhancer activated a range of heterologous minimal
promoters in a SOX3-speciﬁc pattern, which was conﬁrmed by
combination with the endogenous human SOX3 promoter. The
promoters we tested fall into both categories of TATA-box containing,
single TSS, and CpG island-overlapping, multiple TSS types (Carninci
et al., 2006). The SOX3_hs8A element was also able to activate
expression from the ATP11C promoter, but with a much lower intensity.
No insulating sequences between the SOX3 and ATP11Cwere found, and
the only CTCF binding site detected in this region by a genome-wide
screen (Kim et al., 2007) did not block enhancer–promoter interaction.
We cannot exclude promoter competition or extremelyweak activation
of the bystander gene by this enhancer. Additionally, standard reporter
constructs test the activity of enhancers cloned immediately in front of
thepromoter: based on currentlyavailable data,we arenot able to judge
the ability of different kinds of promoters to respond to enhancers from
the extreme distances encountered in GRBs.
The PAX6 regulatory domain spans several adjacent genes and is
functionally separate from the adjacent WT1 regulatory domain
By examiningminimal conserved synteny and HCNE density across
human and teleost genome (Fig. 3A) we determined that the PAX6
GRB encompasses the upstream RCN1 gene, as well as thes shown as green bars, CTCF binding sites (Kim et al., 2007) in blue and ultraconserved
otation, conserved transcription factor binding sites, and vertebrate conservation plot
regions.
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distally located gene DCDC1 is not conserved in non-mammalian
vertebrates, an alignment of the region in human and chicken shows
that the introns of human DCDC1 gene contain several elements that
are conserved in the chicken genome. Since DCDC1 belongs to a
protein family with multiple members, most of which are present in
all vertebrates, it could not have been created de novo nor could its
exons have gotten intertwined with the HCNEs already present in the
region. The only plausible explanation for the current conﬁguration is
that the gene has been lost from the analyzed non-mammalian
genomes. Both conserved synteny and the occurrence of HCNEs
suggest that the PAX6/pax6a/b area, including the genes listed above,
is held together by HCNEs that regulate their target gene over several
gene distances and in that waymaintain conserved synteny across this
locus. The observation that wt1b is found in a synteny block on
chromosome 18 and has been removed from pax6b suggests thatWT1
is also a target gene and that the 3 Mb synteny block in 11p13
containing PAX6 and WT1 in the human genome consists of two
conjoined, but separable, GRBs. A further point to be made is that all
the bystander genes in the region rediploidized by neutral evolution.
An obvious explanation is that these genes do not have developmental
regulatory function, but rather have little regulation at the transcrip-
tional level, and as such have small amounts of sequence dedicated to
receiving regulatory inputs. This property would make them less
prone to regulatory subfunctionalization. Several HCNEs (e.g. HCNEs 5
and 8) have been kept in duplicate (Fig. 3B). For one of them, pax6a/
b_dr8, we have shown evidence for subfunctionalization: even though
the two elements are still similar at the sequence level, the differences
are sufﬁcient to subtly change the domain in which they drive
expression (Fig. 5). It is important to note that, in the case of the PAX6/
pax6a/b GRB, HCNEs are distributed over a megabase area including
the introns of all the bystander genes, a feature that can predict that
these elements are likely involved in pax6 regulation, and this should
also be true for similar cases. For instance, Kimura-Yoshida et al.
(2004) tested HCNEs conserved around the human and fugu OTX2/
otx2 genes in transgenic mice and found seven elements in a 60 kb
interval (in fugu). A quick inspection of the region using the Ancora
browser (Engstrom et al., 2008) shows that the human OTX2 region
extends over more than 1 Mb, and human:zebraﬁsh conserved
synteny includes ﬁve neighboring genes, most with additional
HCNEs in their introns (Supplementary Fig. 5). This synteny block
corresponds to 150 kb in fugu, more than twice the span of sequence
searched by Kimura-Yoshida et al. (2004). The pattern of HCNEs
spilling out into the introns of genes that neighbor developmental
control genes, speciﬁcally those encoding transcriptional regulators, is
common across vertebrate genomes (Lindblad-Toh et al., 2005;
Sandelin et al., 2004). We propose that this arrangement, with
numerous GRBs in the human genomewhere bystander genes contain
HCNEs regulating a distant target gene, has profound signiﬁcance for
the mapping of human disease mutations.
Sequence- and functional similarity of pan-vertebrate HCNEs
The HCNEs tested in this study are conserved from human to
zebraﬁsh genomes, as seen from their sequence similarity and
equivalent genomic location. When tested in zebraﬁsh, both human
and zebraﬁsh HCNEs showed similar activities in several respects:
generally, if an HCNEs of one species directed reproducible expression
pattern the orthologous HCNE from the other species tended to do the
same; the same was true for elements which did not, despite
recognizable conservation at the sequence level, direct any reporter
expression and were deemed negative elements (as opposed to those
that resulted in variable patterns and were deemed inconclusive,
which, in the case of SOX3/sox3, was also assigned to the same
element, HCNE 3). In addition, the expression patterns driven by
orthologous elements were remarkably similar, often directed to thesame brain regions, despite the large evolutionary distance between
human and zebraﬁsh readily apparent from Fig. 2. In Drosophila
species, for example, enhancers can exhibit considerable functional
differences across relatively short evolutionary distances (Ludwig
et al., 2005). Moreover, the same authors have also observed that the
even skipped stripe 2 enhancer precisely retains its regulatory activity
betweenD. melanogaster and D. pseudoobscura, although these species
diverged between 40 and 60 MY ago (Ludwig et al., 2000). Thus both
the Drosophila and our study suggest that enhancer sequences,
although under sequence constraint, can in some instances subtly
change the expression pattern they drive while keeping high overall
sequence similarity, or, in other cases, change their sequence to a
signiﬁcant degree and nevertheless drive the same expression pattern.
Nevertheless, it is evident that HCNEs conserved across all vertebrates
are recognizably similar with respect to function as assayed in this
study.
CTCF binding sites in SOX3 and PAX6 GRBs
The SOX3 gene desert is bounded by clusters of CTCF binding
elements: one in between the element SOX3hs8 and the neighboring
ATP11C gene, and the other far upstream of SOX3 and close to the next
gene, CDR1 (Kim et al., 2007). However, the former is not conserved in
zebraﬁsh nor did the human sequence show insulator activity in
transgenic assays. In the case of the adjacent GRBs of PAX6 and WT1,
there is a CTCF binding site that appears to mark a boundary between
their respective GRBs, which is supported by the reporter expression
patterns driven by HCNEs from the two sides of the boundary.
However, apart from this case, the signiﬁcance of these elements with
respect to the PAX6 GRB is far from obvious, as there are three
additional CTCF binding sites between RCN1 and PAX6 and one inside
ELP4, and expression patterns obtained with the HCNEs described
here point that neither of these sites seems to insulate PAX6 from
long-range inﬂuences from the other side. However, there are also
indications that PAX6 is repressed by CTCF (Li et al., 2006), and it is
therefore possible that this could be mediated through the mapped
sites. We could not detect any conservation of these reported CTCF
motifs between human and zebraﬁsh. Thus, while it is tempting to
believe that GRBs are bounded by such elements and thus are
insulated from inﬂuences from HCNEs outside of them, there are CTCF
sites interspersed between them that may act conditionally and their
function is still unexplained.
The evolution of GRBs: from in silico patterns to experimental
observations to general principles
We have proposed previously that the majority of gene deserts
are functionally equivalent to GRBs that contain bystander genes,
such as the PAX6 GRB (Kikuta et al., 2007a). The ﬁnding that
bystander genes are lost after duplication of a given GRB points to
the possibility that this is the origin of gene deserts: repeated
duplication can eventually lead to the complete loss of all
bystanders, leaving behind areas populated by HCNEs and a single
target gene. This would in turn lead to the question of how GRBs
evolved in the ﬁrst place and how HCNEs came to be situated inside
neighboring genes. One possibility would be that HCNEs were
inserted into the introns of the bystander genes through mobile
elements, a possibility supported by the ﬁnding that subsets of
regulatory elements are descended from retroposons or retroviruses
(Bejerano et al., 2006; Lowe et al., 2007; Wang et al., 2007; Xie et
al., 2006). If thiswere themajormodeofGRB evolution, the insertionof
elements that later developed into regulatory modules would have to
be ancient, before the radiation of the vertebrates, since otherwise one
would not expect the observed conservation, of conserved synteny
around developmental regulatory genes from human to ﬁsh, and even
to the very root of chordates (Putnam et al., 2008). Indeed, there is a
539P. Navratilova et al. / Developmental Biology 327 (2009) 526–540growing body of evidence that GRBs are present in most metazoan
genomes (Engstrom et al., 2007; Vavouri et al., 2006). Regardless of the
evolution of GRBs, it is tempting to ask what advantage such an
arrangement would have, given that GRBs are such a pervasive and
successful feature of vertebrate genomes. Susumu Ohno predicted that
only a small number of loci can be under selective pressure in any given
population, due to limits in population size (Ohno, 1973). It is tempting
to speculate that GRBs represent these loci under selective pressure:
since GRBs contain developmental control genes plus numerous
regulatory sequences, new evolutionary inventions could arise in
these neighborhoods, which would constitute large targets for
insertion of new sequences and regulatory mutations. Perhaps the
large size of GRBs also allows faster selection since recombination
between the target gene and any fortuitous regulatorymutation or new
insertion in the GRB periphery should be more probable if the region
under selection is large. This would also suggest that one should expect
mutations somewhere along the entire length of GRBs that are
disadvantageous and that might represent in the human genome
variants predisposing to genetic disease.
Links
The UCSC genome browser [http://genome.ucsc.edu].
ZFIN: The Zebraﬁsh Model Organism Database [http://zﬁn.org].
Ancora Genome Browser [http://ancora.genereg.net].
ZenBase [http://zenbase.genereg.net/spp].
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